The Rayleigh match, a color match between a mixture of 545 + 670 nm lights and 589 nm light in modern instruments, is the definitive measurement for the diagnosis of inherited red-green color defects. All trichromats, whether normal or anomalous, have a limited range of 545 + 670 nm mixtures they perceive to match 589 nm: a typical color-normal match range is about 50-55% of 670 nm in the mixture (deutan mode), while deuteranomals have a range that includes mixtures with less 670 nm than normal and protanomals a range that includes mixtures with more 670 nm than normal. Further, the matching luminance of the 589 nm light for deuteranomals is the same as for normals but for protanomals is below normal. An example of an unexpected Rayleigh match, therefore, is a match range above normal (typical of protanomaly) and a normal luminance setting for 589 nm (typical of deuteranomaly), a match called protanomaly ''when the red end of the spectrum is not darkened" [Pickford, R.W. (1950). Three pedigrees for color blindness. Nature, 165, 182.]. In this case, Rayleigh matching does not yield a clear diagnosis. Aside from Pickford, we are aware of only one other report of a similar observer [Pokorny, J., & Smith, V. C. (1981) . A variant of red-green color defect. Vision Research, 21, 311-317]; this study predated modern genetic techniques that can reveal the cone photopigment(s) in the red-green range. We recently had the opportunity to conduct genetic and psychophysical tests on such an observer. Genetic results predict he is a deuteranope. His Rayleigh match is consistent with L cones and a contribution from rods. Further, with a rod-suppressing background, his Rayleigh match is characteristic of a single L-cone photopigment (deuteranopia).
Introduction
About 8% of men have inherited red-green color deficiency, making it the most common type of color vision abnormality. Far fewer women are affected (about 0.5%) because the cause is an abnormal photopigment gene on the X-chromosome (Nathans, Thomas, & Hogness, 1986) . Men have one X-chromosome but women have two; if either one of a woman's X-chromosomes has normal cone-pigment genes then her color vision is essentially normal (though see Schmidt, 1934) .
Red-green color deficiency is classified into four recognized sub-types. For all sub-types, an abnormal gene results in either no functional M cones or no functional L cones. For two of the sub-types there is only one active photopigment in the red-green range: either an L pigment or an M pigment. Individuals with these sub-types are called, respectively, deuteranopes or protanopes, and have dichromatic color vision. For the other two sub-types, color vision is trichromatic, as for color normals, but the two photopigments in the red-green range are not the same as normal ones. In deuteranomalous trichromacy there are two distinct photopigments, both of which are similar to the normal L pigment (there is no cone with an M pigment). In protanomalous trichromacy, the two distinct photopigments are similar to the normal M pigment (no cone has an L pigment). Further sub-divisions split each type of anomalous trichromacy into 'simple' and 'extreme' subgroups according to the preserved degree of chromatic discrimination (Franceschetti, 1928; Pokorny & Smith, 1982) .
These sub-types of red-green color defect are defined according to an individual's color matches. Definitive diagnosis is made with the Rayleigh match (Rayleigh, 1881) , which in modern instruments is a match of a 589 nm light to an admixture of 545 + 670 nm. In a typical instrument, one knob varies the proportion of 670 nm light in the admixture from 0% (pure 545 nm) through 50% (half 545 nm, half 670 nm) to 100% (pure 670 nm). By convention the maximum levels of 545 nm and 670 nm are fixed so that 100% of either wavelength equally stimulates L cones (so-called 'deutan mode '; Mitchell & Rushton, 1971; Pokorny, Smith, & Katz, 1973) . The second knob varies the radiance of the 589 nm field. All observers--normals, anomalous trichromats and dichromats--can make a match by adjusting the two knobs. Distinctive features of the Rayleigh match characterize each sub-type of red-green color deficiency as well as normal color vision. Consider first color normals, who perceive a color match only when the admixture has about 50% of 670 nm light. At a lower (higher) percentage the mixture field appears more greenish (reddish) than 589 nm. The Rayleigh match also reveals the radiance of 589 nm light required for the match. Theoretically, the number of quanta absorbed by each type of cone, M and L, is identical for the 545 + 670 nm admixture and for the 589 nm light so only a unique mixture proportion and unique radiance of 589 nm should give a match. Chromatic discrimination, however, is not exact so Rayleigh-match measurements actually yield a narrow range of mixture ratios that are not discriminated from 589 nm. For color normals this range is 5% or less (about 50-55% of 670 nm in the admixture is perceived to match 589 nm).
Dichromats, who have only one photopigment in the red-green range, can match 589 nm to every admixture proportion (that is, any proportion in the range from 0% to 100%). Each proportion establishes some level of quantal absorption for the single cone pigment in the red-green range, and this level can be equaled by setting an appropriate radiance of the 589 nm field. The relation between the 589 nm setting and the mixture proportion distinguishes deuteranopes from protanopes. Recall that the maximum levels of 545 and 670 nm are set to stimulate L cones equally (deutan mode). For deuteranopes, therefore, any mixture proportion has the same L-cone stimulation, which of course is matched by a constant radiance of 589 nm. Thus, the matching 589 nm radiance does not vary with the proportion of 670 nm in the admixture. Protanopes, on the other hand, have only an M cone, which is far more sensitive to 545 than 670 nm. As the amount of 670 nm in the mixture increases (and, correspondingly, 545 nm decreases), the protanope's M cone is less stimulated so the percept of the mixture becomes less bright, requiring a lower radiance of 589 nm for the match. For protanopes, therefore, the 589 nm radiance decreases as the proportion of 670 nm in the admixture increases. This reduction in brightness with increasing 670 nm in the mixture has been termed ''darkened" red though note that a dichromat cannot perceive a shift in hue toward redness with increasing 670 nm in the admixture (a color normal-perhaps the color-test examiner-sees the redness).
Deuteranomalous trichromats have two pigments in the redgreen range so do not accept a match between 589 nm and every mixture proportion. Their degree of chromatic discrimination, which is quantified by the range of 670 nm proportions not discriminated from 589 nm, depends on the similarity of the two pigments, both of which are close to the normal L. If the two pigments have very similar spectral sensitivities (1 nm difference in the wavelengths of peak sensitivity and the same optical density), the two cones' responses are very highly correlated so chromatic discrimination is poor and the match range is wide. If, however, the two pigments are separated by as little as 2 nm, then the cones' responses are sufficiently different to give substantially better chromatic discrimination and thus a narrower match range (He & Shevell, 1995) . The center of this range for deuteranomals is typically 25-30% of 670 nm light in the admixture, which is less 670 nm light than normal. The variation in match range among deuteranomalous trichromats is huge because match range is highly sensitive to the similarity of the two pigments. Some deuteranomals have a range comparable to normal (5%, e.g., 20-25% admixture range) while others have a range over 50% (0-55% admixture range). Both pigments of a deuteranomalous trichromat are similar to the normal L, so any admixture proportion accepted as a match to 589 nm will require virtually the same radiance of 589 nm because of the deutan-mode property of the measuring instrument.
The match range of protanomalous trichromats follows similar reasoning to that for deuteranomalous trichromats. The range often will be wider than the normal's because a protanomal's cone pigments, both of which are similar to the normal M, can have spectral sensitivities too similar to each other to support good chromatic discrimination. The center of a protanomalous match range is at a higher proportion of 670 nm in the admixture than for the normal, and large individual differences in match range reflect the degree of difference in an individual's two cones' spectral sensitivities. Both cones are similar to the normal M so are less stimulated as the proportion of 670 nm in the mixture increases. Thus protanomals, with their higher proportion of 670 nm in the admixture than color normals, set a lower radiance of matching 589 nm light (that is, darkened red) compared to normals or deuteranomals.
The properties of Rayleigh matches described above can be gleaned by plotting for a given cone photopigment the relative radiance of 589 nm light that gives the same cone stimulation as a 545 + 670 nm admixture, as a function of the proportion of 670 nm light in the mixture ( Fig. 1 ; after Thomas & Mollon, 2004) . Each line represents a different photopigment. For example, the two solid lines are for cones with spectral sensitivity peaks near the typical L cone (553 and 558 nm), and therefore are representative of deuteranomaly (no M cones). The two lines cross near 25% of 670 nm in the admixture, which is the exact quantal match for the two particular pigments shown. An individual deuteranomal's match range depends on the similarity of the two cones' spectral sensitivities, which plots as the similarity of the two lines' slopes (more similar slopes imply a larger match range). The ellipse near the lines' intersection suggests schematically the match width for an observer with two pigments 5 nm apart. Both lines are nearly horizontal owing to the deutan-mode convention for Rayleigh matching.
Protanomalous trichromats have two cones with spectral sensitivities near the normal M (535 and 540 nm in Fig. 1, dashed lines) . The lines representing these cones intersect near 87% of 670 nm in the admixture. Both lines' negative slopes are characteristic of 'darkened red' in that these photopigments are much less sensitive to 670 than 545 nm light.
This lengthy introduction to the Rayleigh-match admixture range and 589 nm matching radiance reveals that a particular Rayleigh-match measurement is never expected: a protanomalous admixture range (more 670 nm in the admixture than normal) but without an accompanying reduction of the 589 nm radiance as the proportion of 670 nm in the admixture increases. In this case, the Rayleigh match fails to give a clear diagnosis of the type of color vision defect. This unanticipated outcome, protanomaly without darkened red, has been reported twice to our knowledge: initially by Pickford (1950) in less than a sentence and thirty years later by Pokorny and Smith (1981) , who made thorough measurements on an 18-year-old male. Both previous studies precede modern genetics, which allow determination of the cone photopigments in the red-green range that underlie an individual's Rayleigh match. We recently came across an observer with a protanomalous admixture-proportion range but without darkened red (that is, without a reduction of 589 nm matching radiance with increasing 670 nm in the mixture), and were able to conduct both psychophysical and genetic tests.
Methods

Psychophysical stimuli and procedures
Two standard color tests were administered: Rayleigh matching using a Neitz anomaloscope (Pokorny, 1981) , and the FM-100 hue test (Farnsworth, 1957) . Rayleigh matches were measured using the Linksz (1964) procedure in which the experimenter set the admixture proportion and the observer sought a match by varying only the 589 nm radiance. The observer reported that the admixture field was redder than, greener than or a match to 589 nm.
Heterochromatic flicker photometric matches (HFP) were measured between the R (Judd 1951 chromaticity x = 0.625, y = 0.344) and G (x = 0.282, y = 0.613) phosphors of a color CRT (Sony GDM-F520). The flicker rate was 12.5 Hz; the field was a square 1.6°wide. The R phosphor was fixed at 9 cd/m2; the observer adjusted the luminance of the G phosphor for minimum flicker.
A Maxwellian-view optical system (Shevell & Humanski, 1988) was used for Rayleigh matches on a 3.2°diameter chromatic background chosen to suppress rods (500 nm at 40 photopic td = approx 300 scotopic td). A constant-luminance 60 td admixture of 540 plus 660 nm light was matched to 589 nm (2.0°diameter field). As before, testing followed the Linksz procedure.
DNA isolation and genetic analyses
DNA was isolated from whole blood using the Puregene DNA purification kit (Gentra Systems, Minneapolis, MN). The first gene in the X-chromosome opsin gene array was amplified and exons 2, 3, 4 and 5 of the first gene were directly sequenced (as described by Neitz et al., 2004) . Two real-time quantitative polymerase chain reaction (PCR) assays were performed as described previously to determine the relative number of opsin genes and the ratio of L to M genes on the X-chromosome (Neitz & Neitz, 2001 ).
Observer
The observer was a 22-year-old male. He was an art student who was aware of some kind of color loss. Initial testing revealed a shifted Rayleigh-match admixture proportion typical of protanomaly but with color-normal radiance settings for 589 nm. After initial screening, he agreed to return to the laboratory for a full day of further testing.
Results
Psychophysics
Standard Rayleigh match
The Rayleigh-match range for the right eye was 53-81% of 670 nm light in the admixture (thick gray line, Fig. 2) ; this rather wide range is not uncommon for protanomalous trichromats with poor chromatic discrimination (Pickford, 1958) . So-called 'extreme' protanomals have a match range that extends down to the normal match at the low end. As the mixture proportion increased from 53% to 81%, the radiance of the matching 589 nm light decreased only slightly from the color-normal radiance (normalized here to 1.0) to 0.87 on this normalized scale. This is a very small reduction in the radiance of 589 nm--equivalent to 2 instrument units of Y on the Nagel anomaloscope's scale from 0 to 80 (Pokorny, Smith, Verriest, & Pinckers, 1979) , and thus the matches were ''without darkened red". By comparison, a typical protanomalous trichromat with a 53-81% match range would have a reduction in 589 nm radiance from 1.0 (color-normal radiance) to less than 0.5 (bottom right, Fig. 1 ). The range of 589 nm radiance values can be expressed as the relative-radiance ratio over the full range of matching admixtures. This radiance ratio for the observer's right eye was 1.15:1, compared to a ratio for a typical protanomal over the same admixture range of more than 2:1.
The Rayleigh match in the left eye had a much larger matching range: the 670 nm proportion in the admixture ranged from 8% to 84% (nearly dichromatic) with little change in the matching radiance of 589 nm with the increase in the 670 nm proportion (589 nm radiance ratio 1.23:1). For comparison, a typical protanomalous trichromat with this same matching-admixture range would have a radiance ratio of over 3:1 (Fig. 1). 
FM-100 hue test
Errors on the FM-100 hue test had an indeterminate red-green axis that was neither clearly protan nor deutan (Fig. 3) . Error scores were 165 in the right eye and 203 in the left eye. These error scores are typical of observers with a congenital red-green color defect (Kinnear, 1970) . The color-normal 95th percentile FM-100 error score is 74 (Verriest, 1963) . The error score in the right eye was similar to that found for Pokorny and Smith's (1981) observer (147 in one eye, 169 in the other eye).
HFP
Flicker photometry between the R and G phosphors of a CRT was measured separately for the right and left eye. Results for each eye were typical of a deutan color defect: the relative luminance of the R-to-G phosphors was 0.63 in the right eye and 0.59 in the left eye. This is similar to measurements in our apparatus for two deuteranopes (0.55, 0.57) and unlike the values for three color normals (0.96, 0.96, 0.97).
A contribution from rods to the Rayleigh match?
No combination of cone pigments predicts more 670 nm than normal in the admixture together with a virtually normal radiance of 589 nm (Fig. 1) , as found for this observer's right eye (Fig. 2) . This result, however, is qualitatively consistent with a match determined by a deuteranope's L cone and rods (intersection of solid and dotted lines, Fig. 2 ). The nearly deuteranopic Rayleigh match in the fellow eye, and the flicker photometric matches in both eyes, are consistent with a single L cone in the red-green range. A contribution from rods is reported for the only carefully studied observer with a Rayleigh match characterized as ''protanomaly without darkened red" (Pokorny & Smith, 1981) .
If rods and L cones mediate the Rayleigh match, then suppressing rods should make the observer's match dichromatic. This was tested by remeasuring the Rayleigh match on a 3.2°diameter 500 nm 40 photopic td (approx 300 scotopic td) background, which suppressed rods for the Rayleigh-match wavelengths at 60 photopic td (maximum of approx 100 scotopic td; Aguilar & Stiles, 1954) . A 2.0°matching stimulus, with one hemifield an admixture of 540 + 660 nm lights and the other hemifield a uniform 589 nm light, was superimposed on this background. With the rod-suppressing background, the Rayleigh match in both eyes was deuteranopic: right-eye match range from 1.6% to 99.5% of 660 nm in the admixture and with the radiance of 589 nm over this range varying over a small ratio of 1.3:1; the left-eye admixture-proportion range was the same as for the right eye and the 589 nm radiance ratio was 1.1:1. Thus, the Rayleigh match in each eye with rods suppressed was dichromatic and deuteranopic. (The lower and upper limits 1.6% and 99.5% are not meaningfully different from 0% and 100%, respectively. Neutral density wedges in this apparatus limited the least amount of 660 nm or 540 nm light in the admixture. Also, recall that the Rayleigh match in the optical system maintained constant luminance, which is close but not identical to deutan mode. For a single L pigment with spectral peak of 558 nm, the theoretical radiance ratio for a constant-luminance 540 + 660 nm admixture is about 1.5:1 over a range of 1-99% of 660 nm in the admixture.)
Genetic analyses
Real time PCR provided an estimate of the ratio of L:M-conepigment genes on the X-chromosome, expressed as a percentage of the X-chromosome opsin genes that are L. The results indicated that 100% of the X-chromosome opsin genes were L genes. A second real-time PCR assay was performed to estimate the number of opsin genes on the X-chromosome. The result gave the percentage of the X-chromosome opsin genes downstream of the first opsin gene in the X-chromosome array; this percentage was 0%. The interpretation of these results is that the subject has a single Xchromosome opsin gene and it encodes an L-pigment opsin.
Direct sequencing of exon 5 of the X-chromosome opsin gene confirmed that the first gene in the array encoded an L opsin (Kainz, Neitz, & Neitz, 1998) . The amino acids at the spectral tuning positions encoded by exons 2, 3 and 4 were serine at position 116, serine at position 180, isoleucine at position 230, alanine at position 233, and methionine at position 236. These results predict that the observer's L photopigment has a peak sensitivity of 559 nm (Carroll, Neitz, & Neitz, 2002) .
In sum, the results of genetic analyses indicate that the subject has a single X-chromosome opsin gene that encodes an L opsin with predicted peak sensitivity of 559 nm. This X-chromosome opsin gene array structure is typical of a dichromat with a deuteranopic phenotype.
Discussion
The psychophysical and genetic results indicate this observer has only a single L photopigment in the red-green range. Rayleigh matches on a background field that suppressed rods were typical of deuteranopia: dichromatic and very little change in the radiance of the 589 nm light for any proportion of 660 nm in the admixture. Flicker photometry was deutan. Genetic analysis revealed a single X-chromosome opsin gene for an L photopigment with an estimated spectral peak at 559 nm. From these results, we conclude his 'protanomaly without darkened red' for the standard Rayleigh match (no background) can be accounted for by a single L pigment and rods; that is, the observer is a deuteranope whose trichromatic Rayleigh match depends also on rhodopsin.
The only other well-studied observer who can be characterized as 'protanomalous without darkened red' had spectral luminosity and absolute foveal thresholds consistent with an L photopigment (Pokorny & Smith, 1981) . Rayleigh-like matches revealed activity of rhodopsin in addition to an L pigment, as here, but the matching proportion of 670 nm in the admixture varied with luminance level, which implied that an additional photopigment (besides a single L and rhodopsin) affected their observer's color matches. Unfortunately, we did not have the opportunity to repeat Rayleigh matches at multiple luminance levels but the genetic results from our observer indicate only one L photopigment in the red-green range.
Rods are well known to constrain the color matches of classically classified deuteranopes for large test fields that extend beyond the fovea (Nagy, 1980; Smith & Pokorny, 1977) . The surprising feature of our observer's standard Rayleigh match in the right eye is a contribution from rods with a small test field. An open question is how his fovea came to have receptors with rhodopsin. Changes in photoreceptor topography during fetal development are consistent with rod migration toward the center of the fovea (Diaz-Araya & Provis, 1992) . If foveal sparing of rods has some random variation then some small fraction of observers would have a fair number of foveal rods. The rods may be inconsequential for trichromats (normal or anomalous), whose two photopigments in the red-green range drive two distinct neural responses that support trichromatic color vision. If dichromats have the same neural pathways but only a single photopigment in the red-green range, the second pathway may carry a (perhaps weak) response from rods. For protanopes, rods and a single M photopigment would result in a protanomalous-like Rayleigh match (near the intersection of the extension of the major access of the bottom right 'PA' ellipse and the dotted rod line in Fig. 2) ; the result would be misclassifying a protanope as a protanomal. Only a deuteranope with foveal rods would have a perplexing Rayleigh match: protanomaly without darkened red.
